INTRODUCTION
Human thermoregulatory responses to muscular exercise have been described by experiments that almost exclusively employed lower body (treadmill and cycle) exercise. In all of these situations, the individual needs to dissipate the metabolic heat as well as the environmental heat load in order to regulate body temperature. If the body temperature is not regulated within a narrow range, the individual will fatigue and discontinue the exercise task and possibly suffer a heat injury. As a result, it is important to know whether upper body exercise poses any unique thermoregulatory problems.
Disabled individuals who suffer from spinal cord injuries, such as paraplegics.
must depend on their upper body musculature for locomotion via the use of wheelchairs. For these individuals, rehabilitation programs include exercise training to improve their health and capability for wheelchair exercise (6.19). Therefore, many disabled individuals will be exposed to thermal stress (metabolic and environmental) while performing upper body exercise. It is often not appreciated that the spinal cord injury not only results in the paralysis of skeletal muscle but also the impairment of the autonomic nervous system. The autonomic nervous system is important for the control of body heat loss via alterations in cutaneous blood flow as well as thermoregulatory sweating. As a result, individuals with an impaired ability to dissipate body heat may be required to perform upper body exercise which in itself might pose several thermoregulatory problems.
This paper considers human thermoregulatory response differences between upper body ana lower body exercise. In addition, the thermoregulatory problems of spinal cord injured individuals are examined.
TEMPERATURE REGULATION
Body temperature is believed to be regulated by a proportional control system (18.40) . A proportional system is defined as the graded response of a controlled variable (e.g.. cutaneous blood flow, sweating) to the displacement ot tht, regulated variable (e.g.. body temperature). Both peripheral and central thermal receptors provide afferent input into the hypothalamic thermoregulatory centers where this information is processed (5) with a resultant effector signal to initiate and maintain the thermoregulatory responses of cutaneous blood flow and sweating (18.40) . In humans, the peripheral thermal receptors are located in the skin, and central thermal receptors are presumed to be primarily located in the hypothalamus, but other receptors are thought to be located in the spinal cord, heart, pulmonary vessels and skeletal muscle (10.11.28,34.43) .
Several mathematical models could be described for human temperature regulation: however, for this paper we will use a linear additive model to describe the control of thermoregulatory effector responses by the equation:
where, R is a thermoregulatory response:
R is a basal value of R: a and b are proportional control constants: Tco and Tsk o are the basal values for core and mean skin temperatures, respectively.
For humans, the proportional control constants of 0.9 for a. and 0.1 for b are used for the thermoregulatory effector responses (26). This ratio of 9:1 means that a change of IOC in core temperature elicits about nine times as great a change in thermoregulatory effector response as a IOC change in mean skin temperature.
The afferent thermal information is processed in the hypothalamic thermoregulatory centers, and a resultant effector signal is generated to control heat loss. The thermoregulatory effector signal descends through the brain sten and spinal tracts to exit into the thoracolumbar division of the autonomic nervous system. The post-ganglionic sympathetic fibers which innervate the eccrine sweat gland are nonomylinated class C fibers that are primarily cholinergic. The eccrine sweat glands respond primarily to thermal stress through sympathetic cholinergic stimulation.
However, it appears that circulating catecholamines, in particular epinephrine. facilitate thermoregulatory sweating, as there are a and C adrenergic receptors associated with eccrine sweat glands (40) . Cutaneous blood flow is affected by local skin temperature acting directly on the vascular smooth muscle and by reflexes operating through the autonomic nervous system. During heat stress, active vasodilation of the cutaneous vasculature of the arm, thigh and calf is mediated by sympathetic stimulation.
Finally, it is known that eccrine sweat secretion and cutaneous vasodilation are clearly associated, but the vasoactive substance responsible is not known (40) .
During exercise, core temperature initially increases rapidly and subsequently increases at a reduced rate until heat loss equals heat production, and essentially steady-state values are achieved (40) . The elevation of core temperature represents the storage of metabolic heat which is a by-product of skeletal muscle contraction.
At the initiation of exercise, the metabolic rate increases immediately, however, the thermoregulatory effector responses which enable dry (radiative and convective) and evaporative heat loss to occur increase more slowly. Eventually, these heat loss mechanisms increase sufficienty to balance metabolic heat production allowing a steady-state core temperature to be achieved. The relative contributions of dry and evaporative heat exchange to the total heat loss, however, varies with the environmental conditions. In cool environments, the large skin-to-ambient temperature gradient facilitates dry heat loss: but as ambient temperature increases the gradient for dry heat exchange diminishes, and there is a greater reliance upon evaporative heat exchange. When the ambient temperature is equal to skin temperature, evaporative heat exchange will account for essentially all of the heat loss. The capacity for evaporative heat loss is dependent upon the skin-to-ambient vapor pressure gradient.
During exercise, the elevation in core temperature is proportional to the metabolic rate and nearly independent (particularly in low humidity conditions) of environmental temperature (22.29). The range of ambient conditions that core temperature increases in proportion to the metabolic rate. and independent of environment, is called the "prescriptive zone" (22) . As the metabolic rate increases, the upper limit of the "prescriptive zone" decreases (40) . The relationship between metabolic rate and core temperature is strong for a given individual (40) the large blood volume displaced in the cutaneous vasculature combined with minimal skeletal muscle pump activity could make it difficult to maintain cardiac output. In ac.iti,%n, there is a greater total peripheral resistance and myocardial afterload during upper body exercise at a given oxygen uptake level (36). Finally. there is a greater hemoconcentration at a given oxven uptake level during upper than lower body exercise (25.31). It is known that a reduced blood volume will result in less efficient thermoregulatory responses during leg exercise (37). As a result, the greater hemoconcentration might result in greater body heat storage during upper than lower body exercise. Table 2 provides a summary of the investigations which have examined the core temperaturp 1,id thermoregulatcry responses to upper body exercise. During the followi.,g paragraphs, an attempt will be made to explain some of the discrepancies between these investigations. temperature responses to arm-crank and cycle exercise at the same metabolic rates.
They found that after the fortieth minute of exercise, the elevation in rectal temperature was 0.28 0 C less during arm-crank than cycle exercise. The authors noted that the subjects did not achieve steady-state rectal temperature levels by forty minutes. but were unable to exercise longer because of local fatigue. Asmussen and Nielsen (1) were concerned that rectal temperature values may have been spuriously high during cycle exercise because of the warm venous blood returning from the leg muscles. They conducted additional experiments in which they measured stomach temperature. In agreement with their rectal temperature data, the stomach temperature values were consistently lower during arm-crank than cycle ergometer exercise. Since both indices of core temperature were lower during arm crank exercise, they concluded that upper body exercise results in a reduced thermoregulatory setting than lower body exercise.
In 1968, Nielsen (27) examined two subjects' core (rectal and esophageal) temperature responses to arm-crank and cycle exercise over a range of metabolic rates.
Rectal temperature values (mean of values obtained at four depths) were found to be lower (0.20 to 0.40 0 C) during arm-crank than cycle exercise. In contrast, the esophageal temperature values were not different between the two exercise types. Figure 1 presents the steady-state esophageal temperature responses in relation to metabolic rate during arm-crank and cycle exercise. In addition, the subjects' sweating rates and thermal conductance were not different between the two exercise types. They concluded that thermoregulatory control during exercise was not modified by the muscle groups employed. The sigmoid colon receives its blood supply only from the inferior mesenteric artery.
FIGURE 1 ABOUT HERE
During upper body exercise, the greater sympathetic output should cause a greater constriction of splanchnic beds and result in reduced Hood supply from the mesenteric artery. In theory, this compensatory vasoregulation may reduce the supply of warm blood to the sigmoid colon more than the rectum. Also. the mucous membrane in the rectum is thicker and more vascular than In the colon (20) . therefore should receive a richer supply of warm blood during exercise. Finally. it is possible that the sigmoid colon area could be influenced more than the rectum by warmed venous blood from the legs during lower body exercise (24.28); however, we have not found any anatomical evidence to support this notion.
The preceding studies all examined core temperature responses but did not attempt to quantitate the regional differences in evaporative and dry heat exchange between upper and lower body exercise. Sawka and colleagues (38) examined the relative contribution of local evaporative, radiative and convective heat exchange between arm-crank and cycle exercise at the same metabolic rate. These experiments were conducted in an 18 0 C/78% rh environment, which facilitated dry heat exchange.
and in a 35 0 C/28% rh environment, which facilitated evaporative heat loss. In both environments, esophageal temperatures were not different between exercise types. Although this was a new finding, it was not unexpected. During upper body exercise.
the muscles of the back torso areas (i.e.. latissimus dorsi. trapezius, infraspinatus) are employed to a greater extent than during lower body exercise. Therefore. these skeletal muscle groups would release a greater amount of metabolic heat that would be conducted directly through the surrounding tissues to the overlying skin (46).
FIGURE 2 ABOUT HERE
These investigators found that torso and arm evaporative heat loss as well as arm dry heat exchange were not different between exercise types in each environment (38) . Leg dry heat loss was greater during cycle than arm-crank exercise in the 18 0 C environment: likewise, leg evaporative heat loss was greater during cycle than armcrank exercise in the 35 0 C environment. These data indicate that to compensate for greater torso dry heat loss during upper body exercise, lower body exercise elicits additional dry or evaporative heat loss from the legs. The avenue for this compensatory heat loss depends upon the differential heat transfer coefficients which influence tissue conductivity and mass transfer.
Sawka and colleagues (38) attempted to determine if exercise type altered the control of thermoregulatory sweating. They found that the sweating threshold and slope were not significantly different between arm-crank and cycle exercise. Therefore, local sweating rate (back) appears to be independent of the skeletal muscle mass employed but wholly dependent on the thermal drive. Previously. Tam et al. (41) suggested that arm crank exercise might elicit a non-thermal drive to sweating through increased sympathetic activation. Their experiments, however, were performed on only two subjects (one was a spinal subject) and only during arm-crank exercise.
The previous studies also indicate that differences in the surface area-to-mass ratio between the exercising arms and legs have nominal thermoregulatory effects in air. Water. however, has a heat conduction approximately 25 times greater than still air. It seems that during cool water immersion, exercise performed with the arms (relatively large surface area-to-mass ratio) and with the legs (relatively small surface area-to-mass ratio) would be expected to have different heat exchanges. Toner et al. had suffered spinal core transections (C 7 to $I) during the preceding 6 to 8 years.
As expected. the able-bodied subjects could regulate their core temperature throughout the range of ambient temperatures. The spinal subjects. however, had higher core temperatures in the heat and lower core temperatures in the cold. This association between core temperature and ambient temperature in spinal cord injured individuals has resulted in them being referred to as "partial poikilotherms" (3). (14) found that when insensate skin was heated there was no increase in forearm blood flow (FBF). but the heating of sensate skin increased forearm blood flow (but by a relatively small amount). (from rest to exercise) cardiac output in the spinal subjects' cardiac outputs decreased by 14% during the exercise bout, whereas the control group values remained constant.
These data indicate that the able-bodied subjects were able to get considerable evaporative cooling, as evidenced by the decreasing skin temperature values. The spinal cord injured subjects. however, had to rely on dry heat exchange as evidenced by the high skin temperatures. In order to get sufficient dry heat exchange for thermal equilibrium, more blood had to be shunted to the skin to increase skin temperature to achieve a better (Tsk-Ta) gradient. The greater amount of blood displaced to the skin (increased cutaneous flow and volume) resulted in greater circulatory strain as evidenced by elevated heart rates. The combination of more blood displaced to the skin and perhaps reduced skeletal muscle pump activity from the legs (due to paralysis) resulted in a less facilitated venous return and the reduction in cardiac output during exercise for the spinal subjects. i.
(oo) 3uild3dI3 1V3SVHdOS3 31ViS-AOV31LS
